p 53 is activated by different stress and damage pathways and regulates cell biological responses including cell cycle arrest, repair pathways, apoptosis and senescence. Following DNA damage, the levels of p53 increase and via binding to target gene promoters, p53 induces expression of multiple genes including p21 CDKN1A and mdm2. The effects of p53 on gene expression during the DNA damage response are well mimicked by overexpressing p53 under normal conditions. However, stress to the Endoplasmic Reticulum (ER) and the consequent Unfolded Protein Response (UPR) leads to the induction of the p53/47 isoform that lacks the first 40 aa of p53 and to an active suppression of p21 CDKN1A transcription and mRNA translation. We now show that during ER stress p53 also suppresses MDM2 protein levels via a similar mechanism. These observations not only raise questions about the physiological role of MDM2 during ER stress but it also reveals a new facet of p53 as a repressor toward 2 of its major target genes during the UPR. As suppression of p21 CDKN1A and MDM2 protein synthesis is mediated via their coding sequences, it raises the possibility that p53 controls mRNA translation via a common mechanism that might play an important role in how p53 regulates gene expression during the UPR, as compared to the transcription-dependent gene regulation taking place during the DNA damage response.
The tumor suppressor protein p53 becomes activated when different stresses are infringed to cells, such as DNA damage, nutrient deprivation, viral infection or oncogene activation.
1,2 Following the well-studied DNA damage response, p53 induces a multitude of downstream target genes. The induction of different sets of gene products trigger particular biological effects that match the insults and are aimed at either preventing abnormal growth of compromised cells by reversible arrest of the cell cycle in G1 or G2 to facilitate repair processes, or at inducing irreversible outcomes including apoptosis or senescence. [3] [4] [5] [6] Due to its importance in cellular and organism maintenance, p53 is inactivated by mutations in over 50 % of human cancers while changes in downstream and upstream pathways are thought to be present in most cancer cells.
Two of the major and best-described p53-target genes following DNA-damage are p21 CDKN1A (p21Cip1/Waf1) and mdm2, whose p53-dependent mRNA induction is mirrored by an increase in protein levels. Induction of p21 CDKN1A constitutes an important branch of the p53-dependent cancer protection and is observed at early stages of DNA damage response via its capacity to suppress both G1 and S phase cyclin and cyclin-dependent kinase (CDKs) activity and to prolong the G1 phase in order to prevent cells from entering replication carrying damaged DNA.
3,7 p21 CDKN1A -deficient mice have an increase in tumor incidence later in life. 8 The E3-ubiquitin ligase MDM2 binds the conserved BOX-I motif in the N-terminus of p53 and masks p53's transactivation domain and catalyzes the ubiquitination of p53. 9 The mdm2 P2 promoter includes a p53 binding site offering a putative regulatory p53-MDM2 feed-back loop. 10 Although MDM2-dependent control of p53 activity is vital Keywords: ER stress, MDM2, mRNA translation, p53, p53/47 during mice development to subdue p53 activity, recent studies indicate that the p53-MDM2 feed-back loop is important during the DNA damage response but is not required to suppress p53 activity during mice development. 11 This can be explained by the observations that following genotoxic stress, MDM2, helped by its homolog MDMX, becomes a positive regulator of p53 by stimulating the rate of p53 protein synthesis and increasing its half-life. [12] [13] [14] A less attended cellular scenario regarding p53 activity constitutes the Endoplasmic Reticulum (ER) stress that is triggered by several conditions including accumulation of unfolded or misfolded proteins, nutrient deprivation, or high rate of synthesis or underglycosylation of proteins. 15 Induction of ER stress is also caused by compounds like tunicamycin and thapsigargin that affect protein glycosylation or target Ca 2C homeostasis, respectively. In tissues, physiological fluctuations of protein production and folding, poor perfusion and lack of nutrient supply and oxidative stress, or pathological scenarios linked with viral infection, cancer and aging are all linked with ER stress. 15 Cells respond to ER stress through the unfolded protein response (UPR) that triggers an adaptive 3-branched pathway. The UPR inhibits global cap-dependent protein synthesis via PERK, promotes induction of ER chaperons and favors the elimination of misfolded proteins via ATF6 and IRE-1. 15, 16 We have previously shown that during ER stress, a selective PERK-dependent induction of the alternatively translated p53 isoform p53/47 leads to increased 14-3-3s expression and the corresponding G2/M arrest. 17 The levels of protein synthesis at G2/M are estimated to be 30 % less and, thus, the prolongation of this face of the cell cycle offers a window to facilitate repair of the damaged ER organelle and restore the balance between newly synthesized and mature proteins. 18 More recent data show that in order to avoid COP-1-mediated degradation of 14-3-3s, the expression of p21 CDKN1A is suppressed by p53-dependent mechanisms. 19 We now report that the MDM2 protein levels are inhibited in the p53-positive HCT116 and A549 and in the p53-null H1299 and Saos-2 cell lines following expression of ectopic p53 during the UPR induced by treatment with thapsigargin (THAP) (Fig. 1A) . As the suppression of MDM2 requires p53, this cannot be explained simply by PERK-mediated phosphorylation of eIF2a and instead implicates p53 in the inhibition of MDM2 expression during the UPR. The expression of the ER-located chaperone BIP, which is a target of the UPR at the transcription level, was used to monitor proper induction of the UPR. Importantly, the mdm2 mRNA expression pattern was induced by p53 irrespectively of the UPR status of the cells (Fig. 1B) . Hence, similar to p21 CDKN1A , p53 also suppresses the expression of MDM2 during the UPR.
Expression of 31 nanograms (ng) of p53wt cDNA in H1299 resulted in the down-regulation of an exogenous HAtagged MDM2 (HA-MDM2) protein expression, as revealed using anti-HA antibodies (Fig. 1C, upper right) . On the other hand, the levels of the endogenous MDM2 still increased when p53 was overexpressed due to the strong induction of mdm2 mRNA levels as determined using RT-qPCR (Fig. 1C, upper and lower left). However, plotting the ratio of mdm2 mRNA levels vs. MDM2 protein levels at 31 ng of p53 transfection shows that the mRNA expression increased over 2-fold as compared to MDM2 protein levels (Fig. 1C, lower right) .
The suppression of p21 CDKN1A mRNA translation by p53 is mediated via its coding sequence and, thus, not via the more commonly described mechanisms of mRNA translation initiation control that act via the untranslated regions (UTRs). 19 This appears to also be the case for MDM2 as the exogenous HA-tagged MDM2 is actively suppressed. In addition, treatment with the proteasome inhibitor MG132 failed to prevent p53-mediated suppression of HA-MDM2 expression in thapsigargin-treated cells (Fig. 1C, upper right) , supporting the notion that p53 does not affect the turnover rate of MDM2 but instead targets its rate of synthesis. Hence, similar to p21 CDKN1A , p53 also suppresses the expression of MDM2 by a mechanism that involves the inhibition of mdm2 mRNA translation.
The suppression of HA-MDM2 by p53 occurred both under normal conditions and thapsigargin treatment indicating this capacity of p53 is ubiquitous. However, as with p21 CDKN1A mRNA and protein levels, an increasing amount of p53/47 prevented full-length p53 (p53FL)-mediated induction of mdm2 mRNA levels and induced a decrease in MDM2 protein levels (Fig. 1D) . The p53/47 isoform is initiated 40 codons downstream of the first AUG and lacks the first of p53's 2 transacting domains, including the conserved BOX-I motif that includes the MDM2 interaction site. 20 Hence, p53/47 has different activity and stability as compared to p53FL. It retains the DNA binding and oligomerisation domains and has the capacity to affect p53 related activities either as homo-tetramer, which binds the same promoter sequences as the p53FL isoform, or as hetero-oligomer with p53FL. In vitro and in cellulo data support the idea that p53/47 due to the lack of the N-terminus forms oligomers more easily as compared to p53FL so that relatively low levels of expression give a dominant cellular phenotype. 17 It is conceivable that the induction of p53/47 during the UPR prevents p53-mediated transcription of the p21 CDKN1A and mdm2 mRNAs which then allows p53's translation suppressor activity of these 2 mRNAs to become prominent and physiologically important. The suppression of p21 CDKN1A and MDM2 during the UPR can thus, be attributed to the induction of p53/47.
Animal models have indicated that p53/47 alters the activity of p53 and transgenic mice overexpressing p53/47 show a dramatic pre-mature aging phenotype and cells from such mice have altered stem cell pluripotency. 21, 22 Furthermore, the presence of p53/47 in glioblastomas has indicated a role for this isoform in this type of cancer 23 and it will be important to test to which extent these different phenotypes reflects the suppression of gene expression in a similar fashion as with MDM2 and p21 CDKN1A . Repression of gene expression by p53 via competing with activators for binding sites on gene promoters (IGF-1R, POLD1) or by interfering with transcriptional machinery (cyclin B, Cox-2) or by recruiting chromatin remodelers (Map4, surviving), has been reported. 24 Also, p53 is able to repress translation of its own, cdk4 and fgf-2 mRNAs via binding to respective 5 0 UTR. 25 But it is surprising that the expression of 2 of the main p53 target genes during the DNA damage response are in fact actively suppressed by p53 during the UPR. We do not yet know the molecular mechanism of action of p53-mediated suppression of translation during the UPR, but in both cases it involves the coding sequences and not the UTRs. As different point mutations in p53 that suppress its DNA binding activity were shown to prevent suppression of p21 CDKN1A mRNA translation, it is possible that the effect of p53 on the CDKN1A mRNA is indirect via a hitherto unknown p53 gene target. 19 It is also possible that it is direct and that p53 binds a class of mRNAs via the DNA-binding domain and, hence, mutations in p53 that affect DNA binding also affect RNA binding. A direct interaction with mRNAs has been proposed for p53, cdk4 and fgf-2 and similar observations have been done regarding the mdmx mRNA (unpublished data). Hence, the possibility of 2 different pathways to control mRNA translation by p53 cannot be excluded.
Nevertheless, it is clear that p53 has an mRNA translation suppressor activity and this raises some important questions: i) which RNAs are targeted by p53 and what mediates the specificity to some mRNAs and not others? ii) is the effect of p53 direct or indirect? iii) what are the underlying molecular mechanisms? iv) and, finally, what are the physiological implications? We have started to address some of these questions and a deletion series of the p21 CDKN1A mRNA indicated that 2 separate sequences are required for translation control, which makes interference by ncRNAs less likely mediators and instead points toward a structured region in the RNA as being critical. 19 This can form a platform to which RNA structuresensitive protein/s can bind and this would help to explain why there is no apparent sequence homology between the mdm2 and p21 CDKN1A mRNAs, or the other mRNAs implicated as targets for p53 trans-suppression activity. If so, this makes predictions of which RNAs that are p53 targets more difficult. In terms of how p53 mediates translation suppression it is important to keep in mind that more than one mechanism might be in place and it is safer to investigate each mRNA suppressed by p53 separately before any general conclusions are drawn. Protein-RNA binding assays together with in vitro translation should help to address if p53 affect translation directly or via downstream targets. However, in vitro translation systems are not the same as cell-based assays and if folding of RNA structures plays a role, then this might have significant consequences using in vitro transcribed mRNAs. Another important aspect is to differentiate p53 activities toward DNAs and RNAs in order to generate tools required to investigate the cell biological role of mRNA translation control. This could be achieved either by identifying differences in the RNA binding vs DNA binding capacity or by separating the trans-activation from the trans-suppression. The specificity of transsuppression will depend on different cellular factors linking p53, or its downstream target factor, with the translation machinery and a major step forward will be to identify the target/s in the RNA translation process. Hence, the characterization of mRNAs affected by p53, as well as identification of the targets within the translation machinery, will play equal important roles in elucidating the underlying molecular and physiological role of p53 trans-suppressor activity.
As a perspective, it is worth considering the possibility that different aspects of p53 are prominent during different cellular conditions and the fact that p53 has opposite effects on p21 CDKN1A and MDM2 expression during the DNA damage vs the UPR justifies this notion. The DNA damage response and over expression of p53 gives to a large extend a similar cell phenotype in in cellulo conditions via the induction of mRNA levels but this is not the case for ER stress. Why is this? The suppression of protein synthesis by inactivation of eIF2a during the UPR relates to the need of the cell to slow down synthesis Figure 1 (See previous page). p53 down-regulates MDM2 expression under Endoplasmic Reticulum stress. (A) Western blots of cell lysates extracted from p53-positive A549 and HCT116 (left) and Empty Vector (EV)-(right) or p53-transfected (center) p53-null H1299 and Saos-2 cell lines show that MDM2 expression is down-regulated on a p53 and ER stress dependent manner. Expression of MDM2 was estimated from densitometry analysis performed with Bio-PROFIL Bio 1-D software (Vilbert Lourmat) on chemiluminescence images acquired using CHEMI-SMART 5000 documentation system and Chemi-Capt software (Vilbert Lourmat). Values of MDM2 were normalized against their correspondent actin value and then against DMSO-treated cells in the case of A549 and HCT116 and EV-or p53-transfected and DMSO-treated cells in the case of H1299 and Saos-2. 500 ng of DNA were used in transfection. (B) Samples from A were analyzed in parallel for the effect of p53 expression on endogenous mdm2 mRNA levels using relative RT-qPCR for p53-positive (top) and EV-of p53-transfected p53-negative (below) cell lines. Values were normalized against actin and are presented as fold change relative to DMSO-treated cells in the case of HCT116 and A549 and relative to EV-transfected and DMSO-treated cells for H1299 and Saos-2, set to 1 (mean § s.d., n D 3 performed in duplicates). (C) Western blots show expression of endogenous MDM2 (upper left) or exogenous HA-tagged MDM2 carrying only the coding sequence (HA-MDM2) (upper right) in the presence or absence of a small amount (31 ng) of transfected p53 in H1299 cells. In the case of exogenous HA-MDM2, cells were also treated with proteasome inhibitor MG132 (25 mM, 2 h) to minimize effects related to protein stability. Values of MDM2 and HA-MDM2 protein expression were obtained as in A and normalized against their correspondent actin value and then against p53-transfected and DMSO-treated cells in the case of MDM2 and against p53-transfected and DMSO or THAP-treated cells for HA-MDM2. Relative RT-qPCR on endogenous mdm2 was carried out in parallel (lower left). Values were normalized against actin and are presented as fold change relative to EV-transfected and DMSO-treated cells, set to 1 (mean § s.d., n=3 performed in duplicates). Ratio of protein/RNA for endogenous MDM2 expression were calculated and presented as fold change compared to p53-transfected and DMSO-treated cells (lower right). (D) Endogenous MDM2 expression was analyzed in H1299 cells co-transfected with increasing amounts of p53/47 (0-500 ng) and a fixed amount of p53FL (500 ng). Cell lysates and mRNA levels were analyzed in parallel by western blot (left) and relative RT-qPCR (right), respectively. Values of MDM2 protein expression were normalized against actin. The value 1.0 was set for 500 ng of p53FL-transfected and DMSO-treated cells in western blot quantification. Values of RT-qPCR were normalized against actin and presented as fold change relative to EV-transfected and DMSO-treated cells (mean § s.d., n = 3 performed in duplicates). For all experiments, 2 £ 10 5 cells were seeded 24 h before transfection in 6-well plates. Thapsigargin (THAP., 100 mM) or DMSO treatments were done for 16 h. MDM2 was detected using 4B2 monoclonal antibody, HA-MDM2 was detected with an anti HA monoclonal antibody and both endogenous and exogenous p53 isoforms were detected using ACMDD serum (rabbit polyclonal antibody raised against peptide MDDLMLSPDDIEQC recognizing the N-terminus of p53/ 47). 30 BiP expression was used as a positive control for ER stress induction and b-Actin as loading control. Blots represent n 2. For all RT-qPCR, primers used to amplify MDM2 are: Forward 5 0 ATCTACAGGGACGCCATC 3 0 and Reverse 5 0 CTGATCCAACCAATCACCTGAA 3 0 . In B top, Student's t-test compared data to the reference point as indicated. In B bottom and C down left, 2-way ANOVA compared data of the effect of treatment and transfection of p53 on mdm2 mRNA expression as indicated (for all, **P < 0.01; ***P < 0.001).
of proteins in order to facilitate ER repair. However, some proteins required for the ER repair are induced at the level of protein synthesis and it raises the question if translation control during the UPR is a more favorable mechanism whereby protein expression can be controlled. Hence, during the UPR it might be less efficient for p53 to rely on transcription control to regulate gene expression and instead, or additionally, it targets mRNA translation.
Another aspect of these data is the questions of why MDM2 expression is suppressed during the UPR. In the case of p21
CDKN1A it was shown that it regulates the stability of 14-3-3s and unless p21 CDKN1A levels are suppressed the cells fail to arrest in G2/M (Fig. 2) . 17, 19 But for MDM2 we still do not know. MDM2 is predominantly known for its role as a regulator of p53 but we have no evidence that MDM2's capacity to regulate p53 stability is different during the UPR as compared to normal conditions. A possible scenario would include MDM2's capacity to interact with ribosomal factors. It is well described that MDM2 interacts with ribosomal factors L5, L11, L23, S7 and the 5S complex. 26, 27 The former interactions have been attributed to the control of MDM2 E3 ligase activity toward p53 and the binding to the L5/L11 complex stabilizes p53. 27 However, the role of MDM2 in stimulating p53 synthesis during the DNA damage response opens for the possibility that these interactions might also have the reverse functions and MDM2 might play a role in regulating ribosomal biogenesis. It is possible that such regulation might be acting during the UPR within the global control of protein synthesis and furthermore, it has been described that the MDM2-binding protein Arf which interacts within the same domain as ribosomal factors, inhibits the processing of rRNA. 28 Furthermore, p53 suppresses RNApol III activity via TFIIIB, suggesting that ribosomal biogenesis is interlinked with the p53 pathway and a target for p53 tumor suppressor activity. 29 This article illustrates that p53 can have opposite functions toward the same gene depending on cellular conditions. A similar observation has been done on MDM2 that targets p53 for degradation during normal conditions but stimulates p53 synthesis following DNA damage. 12 In this case the switch is also mediated by an mRNA, implicating a broader role of mRNA as regulatory switches in the p53 pathway.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed. CDKN1A and MDM2 expression differentially during DNA damage and ER stress context. In the DNA damage pathway, p53 full length (p53FL) acts at the transcription level to induce both p21 CDKN1A and mdm2 mRNAs. The induction of p21 CDKN1A leads to G1 cell cycle arrest. During DNA damage, MDM2 acts as a positive regulator of p53 activity. The suppression of p21 CDKN1A and MDM2 during the UPR is attributed to the induction of p53/47, which prevents p53FL-mediated induction of p21 CDKN1A and mdm2 mRNA levels. This allows p53 isomer-dependent suppression of p21 CDKN1A and mdm2 mRNA translation to become dominant and results in lower p21
CDKN1A and MDM2 protein levels. Suppression of p21 CDKN1A levels is required to arrest in G2 during the UPR but the physiological role of MDM2 suppression remains to be elucidated.
